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The spin-resolved electronic energy band spectra, as well as partial and total density of electronic states of
the crystal AlN, doped with Cr, Mn and Fe, have been evaluated within the projector augmented waves (PAW)
approach by means of the ABINIT code. The Hartree-Fock exchange for correlated electrons is used to describe
the correlated orbitals in the PAW framework. The calculated one-electron energies for electrons of spin up and
down are very different. We have found that all the considered crystals are ferromagnetic.
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1. Introduction
Semiconductors doped with d -transition elements draw considerable attention of researchers due to
their possible applications in spintronics [1]. The discovery of ferromagnetism therein led to an inten-
siﬁcation of experimental and theoretical studies. The impurities of transition elements lead to a fun-
damental change in the electronic structure of semiconductors [2]. Crystal AlN with an admixture of
3d -transition elements was investigated using the ultrasoft (USPP) pseudopotential approach within the
LSDA theory [3] and in the LSDA+U approximation [4]. The partial and total densities of electronic states
of the Mn-doped crystal AlN and co-doped with B, Si, and P, with spin up and down [5], have been re-
cently evaluated by means of the LSDA KKR program [6]. The parameter of the Coulomb energyU makes
it possible to take into account strong correlations between the d -electrons of the transition element, and
thus to improve the values of the electronic energy band spectrum of the crystal with impurity.
However, it is known that the Coulomb energy U depends on the system. This means that it cannot
be used in calculations in the same crystal, for example, with vacancies [7]. As it is inherent to LSDA+U
approach, in [7] there was also found the existence of several minima of the total energy functional
depending on the matrix of the initial occupation of the correlated orbitals.
The spin-resolved electronic energy band spectra, as well as partial and total density of electronic
states of the crystal AlN, doped with Cr, Mn and Fe, have been evaluated within the projector augmented
wave (PAW) approach [8, 9], implemented in the ABINIT [10] code. The exact exchange, for 3d -electrons
only, is used to improve the on-site correlations [11].
2. Calculation
The electronic structure calculations have been carried out using the PAW [9] method, in which the
electron wave function with its full nodal structure |ψn (r)〉 is represented in terms of the smooth nodeless
function |ψ˜n (r)〉 as follows:
|ψn (r)〉 = τ|ψ˜n (r)〉, (2.1)
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where τ is the transformation operator,
τ= 1+
∑
a
∑
α
(
|φaα〉− |φ˜
a
α〉
)
〈p˜aα| , (2.2)
and |φaα(r)〉 is the all-electron basis function, |φ˜
a
α(r)〉 is the pseudopotential basis function, and |p˜
a
α(r)〉
is projector function, which we calculated using the atompaw code [12]. The subscript α denotes the
quantum numbers, and the superscript a represents the atomic augmentation sphere index.
We have generated the PAW functions for the following valence basis states: 2s22p63s23p1 for Al,
2s22p3 for N, 3s23p63d54s14p0 for Cr, 3s23p63d54s24p0 for Mn, and 3s23p63d64s24p0 for Fe. The inclu-
sion in the basis of 3s and 3p states of the Cr, Mn and Fe atoms slows down the calculation, but increases
the precision and eliminates the problem of ghost states which can appear among the solutions of a secu-
lar equation constructed on aminimal set of functions [13]. The radii of the augmentation spheres are 1.6,
1.3, 1.9, 1.9, 1.9 a.u. for Al, N, Cr, Mn, Fe, respectively. Substituting (2.1), (2.2) to the Kohn-Sham equation
H|ψαk〉 = |ψαk〉εαk (2.3)
we obtain the system of linear equations
τ+Hτ|ψ˜αk〉 = τ
+τ|ψ˜αk〉εαk , (2.4)
where α is a band number, k denotes the vector in the ﬁrst Brillouin zone, and τ+ deﬁnes Hermitian
conjugate of τ. The electron density in the PAWmethod is determined by the sum of three terms,
ρ(r) = ρ˜(r)+
∑
a
[
ρa(r)− ρ˜a (r)
]
. (2.5)
The ﬁrst term is a smooth pseudo-density, which is the Fourier series,
ρ˜(r)=
∑
n,k
fnk|ψ˜αk(r)|
2
=
1
Ω
∑
G
ρ˜(G)eiGr , (2.6)
where fnk is occupancy, weighted by the fractional Brillouin zone sampling volume. The terms of the den-
sity of electrons in the atomic spheres are determined from the coeﬃcients of the projected population
of the states
W aαβ =
∑
n,k
fnk〈ψ˜αk|p˜
a
α〉〈p˜
a
β|ψ˜αk〉. (2.7)
Hence, the contributions of the density in the atomic sphere can be written as
ρa (r)=
∑
αβ
W aαβϕ
a∗
α (r)ϕ
a
β(r), ρ˜
a(r) =
∑
αβ
W aαβϕ˜
a∗
α (r)ϕ˜
a
β(r). (2.8)
Exchange-correlation potential was calculated in the form of PBE0 [14] according to which the exchange-
correlation energy
E PBE0xc [ρ] = E
PBE
xc [ρ]+
1
4
(
E HFx [ψsel]−E
PBE
x [ρsel]
)
, (2.9)
corresponds to the PBE exchange-correlation functional [15], and ψsel, ρsel represent the wave function
and electron density of the selected electrons, respectively [16]. The latter are the 3d -electrons of Cr, Mn
and Fe.
The electronic energy bands and DOS have been evaluated bymeans of the ABINIT code [10]. Integra-
tion over the Brillouin zone was performed on the Monkhorst-Pack [17] spatial grid of 4×6×6. The lattice
constant of the crystal AlN a = 4.36 Å, and the supercell parameters containing 16 atoms are 2×1×1. The
iterations were performed to ensure the calculation of the total energy of the crystal with an accuracy
of 10−8 Ha. Relativistic effects are taken into account within the scalar relativistic approximation. The
density of electronic states was evaluated from the equation
nβ(E )=
∑
α,k
δ(E −Eαk)|P
a
αβ(k)|
2, (2.10)
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P aαβ(k) = 〈p˜
a
β|ψ˜αk〉 =
∫
drp˜a
∗
β
(
r−R
a
)
ψ˜αk(r), (2.11)
where P a
αβ
(k) are the expansion coeﬃcients for both
|ψ˜αk〉 =
∑
β
P aαβ(k)|φ˜
a
β〉, (2.12)
|ψαk〉 =
∑
β
P aαβ(k)|φ
a
β〉, (2.13)
smooth and true functions, respectively, within the augmentation sphere. As can be seen from equa-
tion (2.9), the exchange-correlation energy functional depends on the density of electrons and on the se-
lected wave function of strongly correlated electrons. First, the pseudo-wave function is calculated from
equations (2.4). Then, from equation (2.1), the electron wave function is calculated and the density of
electrons (2.5) is obtained. Based on the latter we ﬁnd the exchange-correlation energy functional (2.9).
The symmetry of the crystal is described by space group P-42m (number 111) and the Bravais lattice is tP
(primitive tetragonal).
3. Electronic properties
Figure 1 shows the partial and total density of electronic states of the crystal Al7Cr1N8 for a spin
down. We see that the top of the valence band is formed predominantly with hybridized s-states of Cr
and p-states of N. The dispersion curves shown in ﬁgure 3, indicate that for spin down, our crystal is a
semiconductor with a direct gap. It is substantially less than the gap Γ-X in the usual AlN crystal. Alu-
minum nitride in the zinc-blende structure is an insulator with a wide indirect energy bandgap of 5.3 eV.
Such a narrowing is explained by the fact that the crystal CrN is a Mott-Hubbard-type insulator with a
Figure 1. The spin down partial, in 1/(eV·atom·spin),
and total densities of states for Al7Cr1N8.
Figure 2. The spin up partial, in 1/(eV·atom·spin), and
total densities of states for Al7Cr1N8.
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Figure 3. The spin down band structure of Al7Cr1N8. Figure 4. The spin up band structure of Al7Cr1N8.
small to negligible indirect band gap [18]. The bottom of the valence band is now at the point R, while in
the the usual crystal AlN, it is at the point Γ. The Fermi level is located in the band gap, quite close to the
bottom of the conduction band.
For spin up, we have a completely different picture, represented in ﬁgures 2, and 4. The crystal
Al7Cr1N8 is a semiconductor with indirect narrow gaps Γ-R and Γ-A. The Fermi level is now even closer
to the bottom of the conduction band. The top of the valence band is formed by hybridized d -states of Cr,
p-states of N and Al.
We turn to the analysis of the results of calculation for the Al7Mn1N8 crystal, represented in ﬁg-
ures 5–8.
Figures 5 and 7 describe the electronic density of states and energy bands for spin down. From ﬁgure 5
we see that the top of the valence band forms the s-states of Mn and the p-states of N. Figure 7 shows that
the crystal is a direct band gap semiconductor, with the bottom of the valence band at the point R.
Figures 6 and 8 describe the electronic density of states and energy bands for spin up. Figure 6 shows
that the top of the valence band is formed by the p- and d -states of Mn and the p-states of N, but the
bottom of the conduction band forms the s-states of N. Figure 8 shows that the crystal is a semiconductor
with indirect gap Γ-ZR. The Fermi level is at the top of the valence band. The presence of the spin up
3d states of Mn at Fermi level (ﬁgure 8) and of the spin down ones in the conduction band (ﬁgure 6)
qualitatively agrees with the results obtained within the DFT+U approach for Mn doped AlN [4].
Let us consider the results of the calculation for the Al7Fe1N8 crystal, presented in ﬁgures 9– 12. The
calculation results for the spin down are presented in ﬁgures 9 and 11. Figure 9 shows that the top of the
valence band is formed by p-states of N, and the bottom of the conduction band consists predominantly
of d -states of Fe. Figure 11 shows the direct band gap at the Γ point. The Fermi level is located near the
bottom of the conduction band. The bottom of the valence band is at the point R.
The calculation results for the spin up are presented in ﬁgures 10 and 12. In ﬁgure 10 it is seen that
the top of the valence band is formed by d -states of Fe and p-states of N. The bottom of the conduction
band forms the p-states of Al and s-states of N. From ﬁgure 12 we see that the crystal is a semiconductor
with indirect gaps Γ-R and Γ-A. The bottom of the valence band is at the point R.
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Figure 5. The spin down partial, in 1/(eV·atom·spin),
and total densities of states for Al7Mn1N8.
Figure 6. The spin up partial, in 1/(eV·atom·spin), and
total densities of states for Al7Mn1N8.
Figure 7. The spin down band structure of
Al7Mn1N8.
Figure 8. The spin up band structure of Al7Mn1N8.
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Figure 9. The spin down partial, in 1/(eV·atom·spin),
and total densities of states for Al7Fe1N8.
Figure 10. The spin up partial, in 1/(eV·atom·spin),
and total densities of states for Al7Fe1N8.
Figure 11. The spin down band structure of
Al7Fe1N8.
Figure 12. The spin up band structure of Al7Fe1N8.
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4. Conclusions
For the spin down, all the crystals are direct band gap semiconductors, with direct gap at the point
Γ. And for the spin up all the crystals are characterized by indirect band gap. All the crystals show the
ferromagnetic ordering. For AlCrN, our result is conﬁrmed by experimental data on ferromagnetism
detected above the room temperature [19]. For AlMnN we observe a half-metallic behavior in the sense
that the Fermi level state density is ﬁnite for the majority spin, and zero for the minority spin, as it is
seen in ﬁgures 7 and 8. Figure 6 shows that at the Fermi level, there are the spin-polarized carriers.
This is well matched with the results obtained in the work [20] within the LSDA approach. However, our
calculation shows that the AlCrN crystal does not possess the half-metallicity predicted in the work [20].
We have calculated the electron energy spectrum and the density of electronic states in the PAW GGA
formalism without accounting the strong correlations of 3d -electrons. It was found that there is no state
of half-metallicity in the AlCrN crystal which does exist in the crystals of AlMnN and AlFeN. Meanwhile,
for the latter crystal, ﬁgures 11 and 12, obtained within the PAW PBE0 approach, the half-metallic state
is not observed. As we see in table 1, the values of both direct and indirect gaps of the crystals are quite
different. The largest contributions to the density of states at the Fermi level is provided by the states of
d - and p-symmetry of manganese and p-states of nitrogen. The difference between the results obtained
herein with the account of strong electron correlations, in the PBE0 approach, and in LSDA theory, is due
to inadequacy of the latter in the description of the wave functions and energy levels of 3d -electrons.
Table 1. The calculated electronic band gaps (for spin down, dn, for spin up, up, in eV) and spin magnetic
moments (m in µB) of crystals.
Al7Cr1N8 Al7Mn1N8 Al7Fe1N8
Ec −Ev,dn 3.36, direct 3.42, direct 3.35, direct
Ec −Ev,up 0.66, indirect 1.51, indirect 2.13, indirect
Ec −EF,dn 0.27 0.38 0.39
Ec −EF,up 0.09 1.51 1.30
EF −Ev,dn 3.09 3.04 2.96
EF −Ev,up 0.57 0.00 0.83
m,cell 1.3 2.7 3.3
m, local 1.1 (Cr) 2.4 (Mn) 3.3 (Fe)
As a result, the calculation from ﬁrst principles of electronic and magnetic properties of the AlTN
systems, where T is a transition element has been made taking into account strong correlations of 3d -
electrons. A signiﬁcant narrowing of the interband gap was found for all systems. The calculated electron
energy spectrum and the density of electronic states, as well as the value of the Fermi energy are impor-
tant parameters for the systems considered to be essential candidates for high-temperature electronics
and optoelectronic applications [21].
Another important factor is the issue of maintaining the ferromagnetic state at higher temperatures
as much as possible. However, this is the subject of a separate study.
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Електроннi властивостi кристала AlN,
легованого Cr, Mn та Fe
С.В. Сиротюк, В.М. Швед
Нацiональний унiверситет "Львiвська полiтехнiка", вул. С. Бандери 12, 79013 м. Львiв, Україна
Залежнi вiд спiна електроннi енергетичної спектри, а також парцiальнi й повнi щiльностi електронних
станiв кристала AlN, легованого Cr, Mn та Fe, були отриманi за методом проекцiйних парцiальних хвиль
(PAW) за допомогою програми ABINIT. Обмiнний потенцiал Хартрi-Фока для скорельованих електронiв
використовується для опису скорельованих орбiталей в рамках PAW. Розрахованi одноелектроннi енергiї
для електронiв зi спiном вгору i вниз є дуже рiзнi. Ми виявили, що всi розглянутi кристали є феромагне-
тиками.
Ключовi слова: розрахунок електронної структури, сильно скорельованi електрони, точний обмiн для
скорельованих електронiв, магнiтнi напiвпровiдники, метод проекцiйних парцiальних хвиль
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